The Brxl homeobox gene has been isolated and shown to be expressed in the zona limitans intrathalamica (ZLI) of the mouse embryo. Brxl is a member of the Brx gene family and comprises the genes for Brxla and Brxlb, which differ in the sequence in the region located on the S-terminal side of the homeobox. The complete amino acid sequences of the open reading frame of Brxla and Brxlb were determined and each was found to be similar to that of Rgs, the mouse homologue of the Rieger syndrome associated human RZEG gene (RGS), to the extent that the sequence of Rgs has been clarified. Brxl was strongly expressed in the mammillaty area as well as in the ZLI of the mouse embryonic brain. Homologues of Brxla and Brxlb were isolated in chick in which the expression of Brxl in the ventral diencephalon was well conserved. The expression of Brxl along with that of Sonic hedgehog (Shh), Nkr2.2, Dlxl and An was examined at the time of the formation of ZLI in mouse embryos. The expression of Shh was initially noted in the ventricular zone of the presumptive ZLI and was then replaced by that of Brxl at the time of radial migration of the neuroepithelial cells. Nkx2.2 was widely expressed in the ventricular zone of presumptive ZLI and also as a narrow band in the mantle zone. The expression of DLxl and Arx in the presumptive ventral thalamus extended as far as ZLI and overlapped with that of Brxl. The Dlxl-and Arx-expressing cells in ZLI, which extended towards the lateral (pial) surface of the diencephalic wall, differed from those expressing Nkx2.2 and Brxl. The embryonic ventral lateral geniculate nucleus present in the visual pathway was eventually formed from these cells. Each homeobox gene was also expressed regionally in the nucleus, suggesting that the nucleus is comprised of subdivisions. 0 1997 Elsevier Science Ireland Ltd.
Introduction
The forebrain develops from the anterior-most outpouching of the neural tube, i.e. the prosencephalon. The chamber formed during this process can be divided rostrally into the secondary prosencephalon and caudally into the diencephalon. The dorsal part of the secondary prosencephalon is . . . . . . , . . . . . . . . . . . show identical amino acids with mouse Brxla and bars indicate sequence gaps introduced for optimal alignment. RCS is the human RIEG gene (Semina et al., 1996) . Brx2 is the same as P&l and P-07X (Lamonerie et al., 1996 , Szeto et al., 1996 . M. mouse; C. chick; H, human. chi, 1996) . Wnt3, Pax3, Gbx2 and E-cadherin were found to be expressed in the dorsal thalamus, Dlxl, Dlx2, Pax6, Arx and R-cadherin were expressed in the ventral thalamus and Bm2, cadherin-6 and cadherin-1 1 wereexpressed in the hypothalamus. The knockout of some of these genes has been attempted in order to clarify homeobox gene function during diencephalic regional specification (Nakai et al., 1995; Qiu et al., 1995; Schonemann et al., 1995) . However, the mechanisms that determine regional specification and nuclear formation in the diencephalon are not well understood.
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In accordance with the regional specification, boundaries are formed between neuromeres and these contribute morphologically to ridge and flexure formation. They frequently coincide with the borders of areas of restricted cell lineage and the paths of cell migration and primary axon tracts (Lumsden, 1990; Figdor and Stern, 1993; Macdonald et al., 1994) . Cells in neuromeres are incapable of crossing boundaries into neighboring neuromeres except for a small minority of neuroepithelial cells (Figdor and Stem, 1993) . Zona limitans intrathalamica (ZLI), which is one of the boundaries in the diencephalon, runs between the P2 (presumptive dorsal thalamus) and P3 (presumptive ventral thalamus) neuromeres. ZLI proceeds horizontally from the sulcus diencephalicus medius lateralward and its lateralmost portion then bends dorsolateralward. Anterior and posterior regions, separated by ZLI, each have their own particular potential for ectopic midbrain formation at the time of isthmus transplantation in chick embryos Bally-Cuif et al., 1992) . ZLI may thus function as a vertical divider of cell potency in forebrain formation. After ZLI has become the external medullary lamina (EML) of the thalamus, the mammillothalamic tract is formed in EML. ZLI may thus also serve as a region for tract formation.
ZLI does not run longitudinally along the body axis as does the floor plate, but Sonic hedgehog (Shh) is expressed in ZLI (Echelard et al., 1993; Roelink et al., 1994 Roelink et al., , 1995 Marti et al., 1995; Shimamura et al., 1996) . Nkx2.2 and ptc (patched homologue), present in the neighboring cells of the floor piate, are also expressed in ZLI (Price et al., 1992; Price, 1993; Goodrich et al., 1996; Shimamura et al., 1996) . Fkh4, Siml and Sim 2, present in the mammillary area, have been observed in ZLI (Fan et al., 1996; Kaestner et al., 1996) . Some members of the cadherin family, such as R-cadherin, cadherin-6, cadherin-8 and cadherin-1 1, are also present in ZLI (Gginzler and Redies, 1995; Matsunami and Takeichi, 1995; Kimura et al., 1996; Redies and Takeichi, 1996) . However, relatively little is known about the structure, mechanism of formation and function of ZLI in regional specifications.
This study was thus directed towards clarifying the structure of ZLI and the mechanism that underlies the formation of the embryonic ventral lateral geniculate nucleus from ZLI. This resulted in the identification and isolation of a novel homeobox gene expressed in ZLI which we term Brxl. The expression of Shh, Nkx2.2, Brxl, Dlxl and Arx during ZLI and embryonic ventral lateral geniculate nuclear formation was studied in detail by computer-assisted image analysis of in situ hybridized serial sections obtained from a single embryo.
Results

Isolation of the Brx gene family and structure of Brxl
cDNA fragments were cloned from a cDNA library of the head region of an embryonic mouse at stage E10.5 d.p.c. using a 1.2 kb cDNA fragment of the novel prd-likelbicoid type homeobox gene, Mbx, which is expressed in the midbrain (unpublished data) as a probe at low stringency. Two genes expressed in zona limitans intrathalamica (ZLI) were selected on the basis of the results of in situ hybridization with these cDNA fragments. The genes were found to contain a common prd-likelbicoid type homeobox and were thus designated as Bicoid-related homeobox genes (Brx) (Fig. lA,B) . Brx was found to be comprised of two transcripts, Brxla and Brxlb, the base sequences of which differed within the region located on the 5'-terminal side of the homeobox (Fig. lA,B) . The human RZEG gene (RGS) associated with Rieger syndrome has been recently identified (Semina et al., 1996) . A comparison of the deduced amino acid sequence of RGS with those of Brxlb showed significant homology (Fig. 1C) . Furthermore, the amino acid sequence of Brxla and Brxlb corresponded to that of Rgs, the mouse homologue of RGS, in homeobox and the region located on the 3'-terminal side of the homeobox, although the 5'-terminal side of the homeobox has not yet been reported (Semina et al., 1996) . Thus, we concluded that Brxla and Brxlb were mouse homologues of RGS. Homologues of Brxla and Brxlb in chick were isolated from cDNA libraries of chick head (3.5day-old) and their base sequences were determined.
Their deduced amino acid sequences are shown in Fig. 1C . Sequences of the homeodomain and region in the 3'-terminal side of the homeodomain of Brxla and Brxlb were highly conserved among species, while those present in the S-terminal side of the homeodomain showed varying degrees of conservation (Fig. 1C) .
During the cloning of Brxl, another p&like/b&id type homeobox gene was isolated from mouse. As the homeodomain differed from Brxl in only two amino acids, we termed it Brx2 (Fig. 1C ). Ptxl and P-02X, a transcription factor essential for the transcription of the pro-opiomelanocortin gene and a PIT-l-interacting homeodomain factor, respectively (Lamonerie et al., 1996; Szeto et al., 1996) , were found to be the same as Brx2. Thus, the family was named Brx based on their structures and global expression patterns. In addition to conservation of the amino acid sequence of the homeodomain, a region referred to as the C-peptide domain present at the C-terminus also showed extensive conservation among members of the Brx family (Fig. 1C ).
2.2, Expression of Brxl in mouse and chick embryos
Brxl was initially expressed in the lateral mesoderm from the head region of stage E8.5 d.p.c. embryonic mice ( Fig.  2A) . At stage E9.5-11 d.p.c., Brxl was observed in the ventral diencephalon and ZLI, in addition to expression in the lateral plate mesenchyme, mandibular and maxillary epithelium and umbilical cord, as was previously reported for Rgs (Fig. 2B) (Semina et al., 1996) . Brxl was conspicuous in the ZLI and in the mammillary area at stage El2 d.p.c. (Fig. 2C,D ). Rathke's pouch was also positive for Brxl (Fig. 2D) . Expression of Brxl in chick embryos was initially found in the mesoderm in the rostral neural plate at stage HH8 (Fig. 2E ). At stage HH18 Brxl was observed in the ventral diencephalon and Rathke's pouch (Fig. 2F ). Brxl was first expressed in the ZLI at stage HH20 and was conspicuous in the ZLI at 5.5-day-old embryo ( Fig.  2G ).
Shh, Brxl and Nkx2.2 in the zona limitans intrathalamica of a mouse embryo
The expression patterns for Nkr2.2, Brxl and Shh in ZLI were distinct as judged by the results of in situ hybridization of whole mounts at stage El2 d.p.c. and coronal sections at stage El1 d.p.c. (Fig. 3A-F) . Shh was expressed in the ventricular zone of ZLI (Fig. 3F) , Brxl was expressed in the lateral (pial) side of the ventricular zone of ZLI ( Fig. 3E ) and Nkx2.2 was expressed in ZLI throughout the ventricular and mantle zones (Fig. 3D) . In situ hybridization of serial adjacent coronal sections and computer image analysis were carried out to clarify how these modes of expression are related during ZLI formation. At stage d.p.c., Shh was expressed in the ventricular zone between the presumptive dorsal and ventral thalami (Fig. 3G ). This region may possibly be the origin of the sulcus diencephalicus medius and reticular protuberance (Altman and Bayer, 1988a,b) . In a section situated 30 mm from the Shh-section, Brxl expression was noted in the lateral side of the ventricular zone (Fig. 3H ). At stage El 1.5 d.p.c., Shh expression in the ventricular zone subsequently weakened and cells expressing Brxl could be seen in the ventricular and mantle zones (Fig. 3J,K) . Composite images of Shh and Brxl expression obtained by computer indicated that Shh expression is continuous with that of Brxl (Fig. 31,L) . At stage El4 d.p.c., Shh was virtually absent from the ventricular zone of ZLI.
At stage E10.5-11.0 d.p.c., Nkx2.2 was widely distributed in the ventricular zone, covering the reticular protuberance and thalamic reticular lobule ( Fig. 30 ) (Altman and Bayer, 1988a,b) . Composite images of the expression of Nkx2.2 and Shh or Brxl at 30 mm intervals indicated that the sites of Shh and Brxl expression were included within the area positive for Nkx2.2 expression ( Fig. 3N ,P) which extended as a narrow band towards the lateral (pial) surface of the diencephalic wall and in front of the area of Brxl expression ( Fig. 30-Q) .
Dlxl and Arx in the zona limitans intr&alamica
Dlxl was strongly expressed on the dorsal-most side of the ventral tbalamus at stage E10.5-11.0 d.p.c. but only weakly 'in the ventricular zone covering the reticular protuberance and thalamic reticular lobule (Fig. 4B,D) . To confirm that Dlxl expression overlapped with that of Brxl in ZLI, images of Brxl and Dlxl expression at 30 mm intervals were superimposed on each other by computer ( Fig. 4C-E) . The more dorsal expression of Dlxl coincided with Brxl expression (Fig. 4E) . Arx is a prd-like homeobox gene expressed primarily in the ventral thalamus, ganglionic eminence and floor plate at stage ElO-11 d.p.c. (Miura et al., 1997) . The dorsal-most expression of Arx in the ventral thalamus at stage E11.5 d.p.c. was found to take the form of a dorsolateralward band (Fig. 4G) . To confirm that Arx expression overlapped with that of Brxl in ZLI, images of Brxl and Arx expression at 30 mm intervals were superimposed on each other by computer (Fig. 4H-J) . The dorsal-most expression of Arx also overlapped with Brxl expression (Fig. 45) . Thus, the expression of Dlxl and Arx in the ventral thalamus extends as far as the core region of ZLI. Dlxl is strongly expressed in the dorsal-most region of the ventral thalamus except for reticular protuberance and thalamic reticular lobule (D) and overlaps with that of Brxl (E). (F-J) In situ hybridization with Brxl (F,H) and Arx (G.1) of serial adjacent coronal sections (30 mm interval) at stage El 1.5 d.p.c. and composite images ((J) red, Brxl; green, Arx; yellow, overlapping region). Arx is expressed dorsolateralward in the dorsalmost region of the ventral thalamus except for reticular protuberance and thalamic reticular lobule (I) and overlaps with that of Brxl (J). All sections are coronally cut at the level containing the dorsal and ventral thalami of an embryo at stage El l-l 1.5 d.p.c. dt, dorsal thalamus; et, epitbalamus; ge, ganglionic eminence; hy, hypothalamus; rp, reticular protuberance; tr, thalamic reticular lobule; 3v, third ventricle; vt, ventral thalamus; ZLI, zona limitans intrathalamica. towards the lateral surface of the diencephalic wall was examined. At stage El35 d.p.c., Arx was found to be present in a broad path containing the spindle-shaped cells (Fig.  K,D) .
For &xl-expressing cells, a different path was noted. Brxl was expressed in the narrow path situated in the dorsal side of the broad path containing the spindleshaped cells (Fig. 5A,B) . Dlxl-and N&2.2-expressing cells were also found in the broad and narrow paths, respectively (not shown).
The expression of Brxl, Nb2.2, Dlxl anti Am in ZLI near the lateral surface of diencephalic wall was determined in serial adjacent coronal sections separated by intervals of 40 mm (Fig. 6) . The early embryonic ventral lateral geniculate nucleus was identified near the lateral surface of diencephalit wall at stage E14.5 d.p.c. (Fig. 6I'-L') (Niimi et al., 1962; Schambra et al., 1992; Mitrofanis and Baker, 1993; Altman and Bayer, 1995; Stoykova et al., 1996) . Cells expressing Brxl, Nkx2.2, Dlxl and Arx were found in the early embryonic ventral lateral geniculate nucleus (Fig.  61"-L" ). The expression of these four genes in the nucleus was conserved primarily along the anterioposterior axis (arrows in Fig. 6A-P) and thus a set of composite images of two neighboring sections was obtained (Fig. 6Q-T) and superimposed in order to relate the expression of each of the four genes (Fig. 6U) . The early embryonic ventral lateral geniculate nucleus at stage E14.5 d.p.c. contained four expression domains for these homeobox genes, three of which were those of Nkx2.2, Dlxl and Arx, whose expression was essentially complementary and which appeared to partially overlap at the boundaries of each domain (Fig. 6Q-U) . The fourth domain was situated on the top of the early embryonic ventral lateral geniculate nucleus and showed expression of all four genes (arrowheads in Fig.  6Q-U) . The expression of these four genes in the early embryonic ventral lateral geniculate nucleus was continuous with that of the genes in ZLI (Fig. 6A-U) . The Dlxlpositive reticular nucleus and zona incerta were situated in the ventral side of the Dlxl-positive path (Fig. 6F,J,N) .
The expression of Brxl, Nkn2.2, Dlxl and Arx in the embryonic ventral lateral geniculate nucleus at stage El8 d.p.c. was determined at three coronal levels of the nucleus (Fig. 7) . The embryonic ventral lateral geniculate nucleus at level 1 showed Dlxl expression (Fig. 7A,A' ). fi2.2 and Brxl expression could not be found in the nucleus at level 1. At level 2, the embryonic ventral lateral geniculate nucleus contained the expression domain for Arx, Dlxl, Nkx2.2 and Brxl ( Fig. 7B-E) . Dlxl and Nkx2.2 expression was essentially complementary (Fig. 7C,C',D,D' ). Arx and Brxl expression appeared to partially overlap with that of Dlxl (Fig. 7B,B' ,C,C',E,E'). At level 3, the expression of Nkx2.2 was seen in the embryonic ventral lateral geniculate nucleus (Fig. 7F,F' ) while Dlxl and Arx expression was not found in the nucleus. Thus, these four genes showed the regional expression along the anterioposterior axis in the embryonic ventral lateral geniculate nucleus at stage El8 d.p.c. Dlxl and Arx expression was found in the external medullary lamina at levels 1 and 2 (Fig. 7A,A' ,B,B') while Brxl and Nkx2.2 were expressed in the external medullary lamina at levels 2 and 3 (Fig. 7E,E',F,F' ,G,G') but not at level 1. DZxl showed strong expression in the reticular nucleus and contiguous zona incerta qt levels l-3 (Fig. 7A,A' ,C,C').
Discussion
Brx gene family and Brxl
In this study we show that the Brx gene family is made up of two members, Brxl and Brx2. The Brxl gene is the same as Rgs and Brx2 corresponds to Ptxl or P-OTX (Lamonerie et al., 1996; Semina et al., 1996; Szeto et al., 1996) . Brxl was also found to be conserved in zebrafish and Xenopus in addition to chick and mouse, while Brx2 was restricted to chick and mouse (unpublished data on zebrafish and Xenopus). Phylogenetic tree analysis indicates that Brxl and Brx2 originated independently at the start of vertebrate evolution, suggesting that zebrafish and Xenopus Brx2 may have been eliminated in the course of evolution. The sequences of the homeodomain and C-peptide domain were well conserved among members of the Brx gene family. The C-peptide domain is found commonly in prdlike homeobox proteins and the deletion of the peptide results in a reduction in transactivation activity (Simeone et al., 1994; Semina et al., 1996; Miura et al., 1997) . The Cpeptide domain of the Bm family genes may thus contribute to the transactivation activity of homeobox genes. There exist two variants of Brxl, Brxla and Brxlb, the sequences of which differ in the region located in the S-terminal side of the homeobox. The DNA sequence of the Brxla homeobox and the region downstream of the homeobox was identical to that of Brxlb. Hence, Brxla and Brxlb are probably produced by alternative splicing.
In mouse and chick, Brxl was initially expressed in the mesodermal tissue of the head region, followed by expression in the ventral diencephalon. Brxl from zebrafish was first detected in the polster region and, thereafter, gradually disappeared (unpublished data). Subsequently, expression in zebrafish became evident in the ventral diencephalon and elongated along the middiencephalic boundary which is equivalent to ZLI in the mouse. The expression pattern of Brxl in the' diencephalon is therefore conserved in zebrafish, chick and mouse. Rieger abnormalities due to a mutation in the human RGS gene (human homologue of RgslBrxl) are found in various organs derived from mesodermal tissue (Semina et al., 1996) . The Rieger syndrome sometimes gives rise to mental retardation but the affected sites in the brain have yet to be identified (Nielsen and Tranebjaerg, 1984) .. One possibility is that the expression of a mutated RGS protein in various human brain nuclei might result in the mental retardation associated with Rieger syndrome.
Development of zona limitans intrathalamica
A matter of interest and importance for ZLI formation is whether the presumptive dorsal/ventral thalami is regionally involved in ZLI organization. With regard to the possibility, at the time of presumptive dorsal and ventral thalami formation, a boundary is formed either between these thalami (Niimi et al., 1962; Schambra et al., 1992; Altman and Bayer, 1995; Mitrofanis and Baker, 1993; Stoykova et al., 1996) . The expression of four genes is found in the early embryonic ventral lateral geniculate nucleus (I"-L") and conserved primarily along the anterioposterior axis (A-P). (QT) Composite images were prepared by superimposition of neighboring sections from (H) to (M). (U) Composite images (QT) were further superimposed. The area surrounded by the dotted line in (U) indicates the early embryonic ventral lateral geniculate nucleus. Complementary expression of Nkx2.2, Dlxl and Arx is evident in the early embryonic ventral lateral geniculate nucleus but the expression is seen to be partially overlapping (QU). The expression of Brxl, Nkx2.2, Arx and Dlxl overlaps in the domain situated on the top of the early ventral lateral geniculate nucleus (arrowheads in Q-U). Tbe DLrl-positive reticular thalamic nucleus and zona incerta are situated in the ventral side of the DLrl-positive path (F,J,N) . dt, dorsal tbalamus; ge, ganglionic eminence; pv, paraventricular nucleus; rt, reticular tbalamic nucleus; VLGn, ventral lateral geniculate nucleus; vt, ventral thalamus; zi, zona incerta; ZLI, zona limitans intrathalamica.
K. Kitamura et al. / Mechanisms of Development 67 (1997) (Fig. 4E,J) . R-cadherin expressed in the ventral thalamus also extends as far as ZLI (Ganzler and Redies, 1995) . Thus, the presumptive ZLI and the dorsal marginal zone of the presumptive ventral thalamus cannot be clearly distinguished. The dorsal marginal zone is distinct from the core of the presumptive ventral thalamus with respect to the expression of Shh, Brxl and Nkx2.2. Thus, the presumptive ZLI should be present in the dorsal marginal zone but not in the peripheral zone of the presumptive ventral thalamus. The expression of genes in the dorsal thalamus was not examined in this study. The expression of Wnr3 and Gbx2, which takes place in the dorsal thalamus, occurs along side the expression of Dlxl and Dlx2 (Salinas and Nusse, 1992; Bulfone et al., 1993b) . Thus, the presumptive dorsal tbalamus may also be involved in ZLI formation. How does the presumptive dorsal/ventral thalami or the presumptive boundary determine the location of ZLI in the diencephalic wall? The localization of ZLI in the diencephalic wall could be determined by following the order of appearance of Shh, Nla2.2 and Dlxl expression in the presumptive ZLI. The expression of these genes occurs essentially at the same time in the presumptive ZLI corresponding to stage El0 d.p.c. Thus, an examination was made of the cell layer of the diencephalic wall where they were expressed.
Shh and Nkx2.2 were strongly expressed in the ventricular zone of the reticular protuberance, which is the equivalent of the original site of the presumptive ZLI (Altman and Bayer, 1988a,b) . On the other hand, Dlxl expression was weak in the ventricular zone of the reticular protuberance but was expressed strongly in the mantle zone. Thus, the expression of Shh and Nb2.2 appears to be a determining factor for the site of the presumptive ZLI in the diencephalic wall (phase 1 in Fig. 8 ). This notion is supported by a change in nk2.2 expression caused by the overexpression of Shh along the zebrafish middiencephalic boundary which corresponds to ZLI (Barth and Wilson, 1995) . Furthermore, knockout mouse deficient in Shh have a malformation of the diencephalon (Chiang et al., 1996) . Shh expression in the presumptive ZLI was continuous with that of Brxl (Fig. 31,L) . The radial migration of Shh-expressing cells in the presumptive ZLI appear to be associated with a concomitant loss of Shh expression and the appearance of Brxl expression. Thus, Shh, per se, may induce Brxl in cells no longer expressing Shh or in neighboring cells and Shh in ZLI may have as yet an unidentified role in the floor plate.
Transcription factor genes and signal molecules involved in early ZLI formation basically comprise three groups of genes. The first group contains genes such as Shh and Nkx2.2, which are expressed anterioposteriorly as seen in the floor plate and the neighboring cells of the floor plate, respectively (Shimamura et al., 1996) ; ptc also seems to be involved (Goodrich et al., 1996) . These genes in ZLI are expressed orthotopically along the body axis. Genes of the second group are expressed in the ventral thalamus and include Dlxl and Arx ( Price et al., 1991; Price, 1993; Bulfone et al., 1993a,b; Miura et al., 1997) along with the possible involvement of Pax6 (Walther and Gruss, 1991; Stoykova and Gruss, 1994) . The third group contains genes such as Brxl which are expressed in ZLI and the mammillary area; Fkh4, Siml and Sim2 are also involved (Fan et al., 1996; Kaestner et al., 1996) . The possible functions of Siml and Sim2 in ZLI formation may be different from those of Brxl because Siml and Sim2 are expressed in the ventricular zone of the presumptive ZLI (Fan et al., 1996) . The genes of each group may control the expression of the cadherin family in ZLI; their modes of expression (C,D) . The expression of Anr and Brxl is seen to be partially overlapping with that of DZxl (B,C,E). At level 3, Nkr2.2 is strongly expressed in the embryonic ventral lateral geniculate nucleus (F). Dlxl-and Arx-positive cells are found in the external medullary lamina at levels 1 and 2 (A,B), while Nkx2.2-and Brxl-positive cells are situated in the external medullary lamina at levels 2 and 3 (E,F,G). The expression of these genes in the external medullary lamina is continuous with that of the genes in the embryonic ventral lateral geniculate nucleus. Brxl is also expressed in the subthalamic nucleus (G). cx, cerebral cortex; dlgn, dorsal lateral geniculate nucleus; eml, external medullary lamina; rt, thalamic reticular nucleus; st, subthalamic nucleus; zi, zona incerta; vbnc, ventrobasal nuclear complex; VLGn, ventral lateral geniculate nucleus. suggest that R-cadherin may be regulated by the second group and that cadherin-1 1 may be regulated by the third group (Ganzler and Redies, 1995; Kimura et al., 1996) . The relationship between the stepwise expression of these homeobox genes and the function of ZLI has yet to be determined.
Early formation of the embryonic ventral lateral geniculate nucleus
Early formation of the embryonic ventral lateral geniculate, thalamic reticular nuclei and zona incerta has been shown to occur around the external medullary lamina of the thalamus although these nuclei are not cytoarchitectonically distinguishable from each other during the early stages (Mitrofanis and Baker, 1993) . The path along the mediolateral axis in ZLI and the regionality in the embryonic ventral lateral geniculate nucleus were studied to determine how the embryonic ventral lateral geniculate nucleus derived from ZLI is formed. The four homeobox genes were all expressed at the same time in the core of the presumptive ZLI (phase 2 in Fig. 8 ). Subsequently two paths could be detected during lateral elongation of ZLI by following the expression of these genes in ZLI, i.e. a narrow path composed of Brxl/Nkx2.2-expressing cells and a broad path of DZxllArx-expressing cells (phase 3 in Fig. 8 ). The formation of these two paths from the presumptive ZLI could be understood as follows. DlxllArx-expressing cells depart from those expressing Brxl/Nkx2.2 during the lateral elongation of ZLI, as suggested by the differences that may exist between the adhesive and migratory properties of DlxllArxand Br.xZ/Nkx2.2-expressing cells and this would initially give rise to the two paths. The fact that the R-cadherin expression leaves the core of ZLI in 6-day-old chick embryos supports this consideration (Gginzler and Redies, 1995) .
The pulse-chase experiments with r3H]thymidine in rat embryos showed the presence of two cell migratory streams; RTCm from the reticular protuberance and RTm from the reticular thalamic lobule (Altman and Bayer, 1988b) . These streams seem to correspond both positionally and morphologically to the narrow and wide paths in the present study, respectively. However, the two destinations are different. The destination of the former stream is the reticular nucleus, while that of the latter path is the ventral lateral geniculate nucleus. The apparent discrepancy may be due to species-specific differences in morphology between rat and mouse. The Dlxl-positive region situated in the ventral side of the broad path contributes to the formation of the reticular thalamic nucleus and contiguous zone incerta in mouse embryos (Figs. 6F, J, N and 7A, C) . Pax6 also promotes the formation of the ventral lateral geniculate nucleus and the thalamic reticular nucleus/zone incerta complex (Stoykova et al., 1996) . Thus, if the broad path expressing Dlxl, Arx and Pax6 could extend as far as the core area of ventral thalamus then the path may contribute to the formation of the reticular thalamic nucleus in addition to that of the ventral lateral geniculate nucleus.
We observed that the embryonic ventral lateral geniculate nucleus at stage El45 d.p.c. was composed of regions, as indicated by the complementary expression of homeobox genes (phase 4 in Fig. 8 ). Such regionality was maintained in the middle portion of the nucleus at stage El8 d.p.c. (phase 5 in Fig. 8) . Furthermore, DlxZ expression was found in the anterior portion of the nucleus at stage El8 d.p.c. while Nkx2.2 expression extended into the posterior portion of the nucleus (phase 5 in Fig. 8 ). This may be explained by either the anterioposterior reorganization of Dlxl-or Nkx2.2~positive regions in the nucleus or by the selective migration of Dlxl-or N/?x2.2-positive cells to anterior and posterior portions of the nuclei, respectively. Thus, subdivisions of the embryonic ventral lateral geniculate nucleus revealed by the regional expression of homeobox genes are created during the course of the development of the nucleus.
Ventral lateral geniculate and thalamic reticular nuclei are connected by the reticulothahnnic tract during embryonic development and by collaterals of the thalamocortical or corticothalamic tract in the postnatal stage. The collaterals bind specific regions of lateral geniculate and thalamic reticular nuclei (Mitrofanis and Guillery, 1993) . Subdivisions in the embryonic ventral lateral geniculate nucleus may thus be required for the specification of the reticulothalamic tract and collaterals. It is a point of interest that the regional expression of homeobox genes in presumptive ZLI gives rise to the formation of subdivisions of the embryonic ventral lateral geniculate nucleus (Fig. 8) . It remains to be answered as to how the subdivisions of the embryonic ventral lateral geniculate nucleus participate in the organization of the adult nucleus.
Experimental procedures
cDNA cloning and sequencing
The cDNA libraries of mouse embryonic head at stage E10.5 d.p.c. and chick embryonic head at 3 days old were screened by plaque hybridization. Restriction fragments of cDNA were subcloned into pBluescriptI1 (Stratagene). DNA sequencing was conducted by the dideoxy-termination method using Sequenase (U.S. Biochemicalsj according to the instructions of the manufacturer. Sequences were determined by Genetyx-SV/R version 8.0.3.
Whole mount in situ hybridization in mouse embryos
Embryos at different stages of development were fixed in 4% paraformaldehyde overnight. In situ hybridization was conducted essentially according to Wilkinson (1993) . Antisense and sense RNA probes were transcribed in vitro from a linearized plasmid containing one of the following K. Kitamura et al. /Mechanisms of Development 67 (1997) 83-96 95 inserts: mouse Brxlb cDNA (a 0.6 kb fragment overlapping homeobox), Shh cDNA (Echelard et al., 1993) or Nb2.2 cDNA (Price et al., 1992) using an RNA transcription kit (Stratagene) and digoxygenin-UTP (Boehringer). The probes were not alkaline treated. The sheep anti-digoxygenin antibody (Boehringer) was preabsorbed for 2 h at room temperature with acetone powder of embryonic mouse. No signals could be detected from the corresponding sense probe.
In situ hybridization in mouse and chick embryos
Embryos at different stages of development were fixed in 4% parafonnaldehyde overnight, embedded in Paraplast (Oxford Labware) and cut into 10 mm thick sections. In situ hybridization of sections was conducted essentially as described by Wilkinson (1993) . Antisense and sense RNA probes were transcribed in vitro from a linearized plasmid containing one of the following inserts: mouse Brxlb cDNA (a 1.2 kb fragment overlapping homeobox), chick Brxlb cDNA (a 1.0 kb fragment overlapping homeobox), Shh cDNA (Echelard et al., 1993) , Nkx2.2 cDNA (Price et al., 1992) , Dlxl cDNA (Price et al., 1991) or Arx cDNA (Miura et al., 1997) using an RNA transcription kit (Stratagene) and [35S]UTP (Amersham). The probes were treated with alkaline to reduce the size to an average of 150 nucleotides (Cox et al., 1984) . Following autoradiography, all sections were stained with Gill's Hematoxylin (Polysciences). The corresponding sense probe showed no signals. For regional identification of the developing diencephalon, prenatal mouse or rat brain maps were used (Niimi et al., 1962; Schambra et al., 1992; Altman and Bayer, 1995) .
Computer-assisted imaging of in situ hybridized sections from mouse embryos
For computer-assisted imaging, in situ hybridization was carried out on serial sections at constant intervals (30 or 40 mm) using two or four RNA probes. The two corresponding pictures were treated using an IP Labo spectrum (Signal Analytics Corporation) and Photoshop software (Adobe Systems) for superimposing the images.
Note added in proof
Accession numbers of Brxla and Brxlb are ABOO and ABO06321, respectively.
